l e t t e r s Myopia and hyperopia are at opposite ends of the continuum of refraction, the measure of the eye′s ability to focus light, which is an important cause of visual impairment (when aberrant) and is a highly heritable trait. We conducted a genome-wide association study for refractive error in 4,270 individuals from the TwinsUK cohort. We identified SNPs on 15q25 associated with refractive error (rs8027411, P = 7.91 × 10 −8 ). We replicated this association in six adult cohorts of European ancestry with a combined 13,414 individuals (combined P = 2.07 × 10 −9 ). This locus overlaps the transcription initiation site of RASGRF1, which is highly expressed in neurons and retina and has previously been implicated in retinal function and memory consolidation. Rasgrf1 −/− mice show a heavier average crystalline lens (P = 0.001). The identification of a susceptibility locus for refractive error on 15q25 will be important in characterizing the molecular mechanism responsible for the most common cause of visual impairment.
l e t t e r s current global initiative to eliminate avoidable blindness 7 . There are currently no practical therapies to prevent the progression of myopia, even though the condition is easily diagnosed in affected children and adolescents. The mechanism for the development of myopia is not fully understood. Although environment (in particular, education, urbanization, outdoor activity and close work) clearly plays a role in myopia 9,10 , numerous cross-sectional studies suggest that genetic heritability might be as high as 80% 11 . No individual genes have been consistently associated with myopia to date, although several candidate loci have been identified through linkage studies.
In order to further explore potential genetic influences of refractive error development in the general population, we conducted a genome-wide association study (GWAS) using the British TwinsUK adult twin registry cohort (see Online Methods for a detailed description of the population and clinical characteristics).
We analyzed a set of 4,270 individuals with complete information on a panel of 2.2 million SNPs, of which 286,481 directly genotyped in all individuals. All of these SNPs passed stringent quality control criteria (Hardy-Weinberg equilibrium P > 0.001, minor allele frequency of at least 0.04 and a genotyping success rate for the SNP of at least 95%). Homogeneity of the population was confirmed by comparison of sample set similarities with each other and with three reference panels from the HapMap Phase 2 data (Supplementary Fig. 1) .
The genomic inflation factor (λ) was 1.04 ( Supplementary Fig. 2 ). Multiple SNPs, both directly genotyped and with imputed values, showed genome-wide significance. Association was maximal for rs8027411 (P = 7.91 × 10 −8 ), although association was consistently high across a region of approximately 120 kb on chromosome 15 ( Fig. 1 and Table 1 ). This association was consistent with an additive model, and we found no evidence of dominance for any of these SNPs. In the TwinsUK cohort, each additional copy of the susceptibility allele for the top SNP lowered the refraction by an average of 0.35 diopters (Supplementary Table 1 ). Individuals carrying a genotype homozygous for the T allele on the rs8027411 locus were significantly more likely than those homozygous for the non-susceptibility allele to have myopia than to have no refractive error (odds ratio (OR) = 1.16, 95% CI 1.02-1.28, P = 0.02; Fig. 2 , see Online Methods for definitions).
We performed a replication study in 13,414 adults from six independent population-based cohorts of European ancestry: four Dutch cohorts (three within the Rotterdam Study and the Erasmus Rucphen Family Study (ERF), a family-based study in a genetically isolated population in the southwest of The Netherlands), one British cohort (1958 British Birth Cohort) and one Australian cohort (Australian Twin Study). The replication analysis was performed using both observed and imputed genotypes. We observed an association for SNPs at chromosome 15q25 in the Dutch and British replication studies. Although the effect size was higher in the discovery panel (Fig. 3) , the effect sizes and directions of the effect were consistent among all the cohorts, with the exception of the Australian cohort. The strongest evidence of association in the meta-analysis was found for rs939658 and rs8027411 (combined P = 1.85 × 10 −9 and P = 2.07 × 10 −9 , respectively), with extra each copy of the myopia susceptibility allele (G and T for the two SNPs, respectively) altering the spherical equivalent by 0.15 diopters (s.e.m. = 0.026) ( Table 1) . It is of note that the Australian twin group was relatively underpowered (1,086 individuals from 525 families) and substantially younger than the other cohorts. It has been shown that there is evidence of a rapidly increasing prevalence of myopia and, therefore, a cohort effect is possible 12 .
All of the identified SNPs associated with the spherical equivalent measures were in high linkage disequilibrium (LD) with one another (Supplementary Fig. 3 ). This associated region spans about 120 kb on chromosome 15q25 and overlaps the transcription initiation site of RASGRF1 (encoding Ras protein-specific guanine nucleotidereleasing factor 1). This is a large gene spanning 130 kb with 28 known exons and multiple alternative mRNA transcripts. Possible gains or losses in transcription factor-binding sites, because of the DNA polymorphisms within the region of association, are predicted in silico (Supplementary Table 2 ). The relevance of individual SNPs that potentially influence transcription factor binding and expression of this gene is difficult to assess due to the high LD across the region.
RASGRF1 encodes a protein that is expressed at high levels in neurons and retina in mice 13 and that activates Ras 14 . Our reverse transcription experiments identified high levels of expression of this protein in human retinas (data not shown). In mice, the protein is heavily imprinted in the early developmental phases 15, 16 , but this imprinting fades with time 16 . RASGRF1 expression is upregulated by stimulation of muscarinic receptors 17 and retinoic acid 18 . Muscarinic l e t t e r s inhibitors such as atropine inhibit the development of myopia in animal models and human intervention studies 19, 20 , and choroidal retinoic acid synthesis is altered in animal models of myopia 21 . RASGRF1 knockdown mouse models have normal brain structure; however, they perform worse than wild-type mice in exercises involving long-term memory 22 . Lack of expression of RASGRF1 in knockdown models results in a morphologically normal retina but causes pronounced deficiencies in photoreception and visual sensory processes without any other obvious sensory impairments 23 . Furthermore, lack of expression of RASGRF1 causes changes in the downstream expression of many genes 23 , including some genes whose mutations have been reported to cause severe Mendelian vision disorders. Thus, RASGRF1 appears to be involved in the maintenance of normal function of the retina and possibly in the signaling pathways determining myopia.
We further studied the effect of Rasgrf11 on mouse eye parameters. For this purpose, 19 wild-type mice were compared to 16 Rasgrf1 knockdown mice of the same age group (between 3-and 4-months-old, when eye growth has stabilized). We found that the average crystalline lens was significantly heavier in the knockdown mice (P = 0.001). This was independent of the weight of the whole eye, as the ratio of crystalline weight to the total eye weight remained significantly higher in the knockdown mice (P = 0.003; Supplementary Table 3) . Axial length was not significantly different between the groups; however, it is known that the measurement of this trait in mice is technically difficult and inaccurate 24 . In humans, refractive error is mostly due to axial length variations, but refractive error is highly correlated with lens thickness in mice 25 .
In an accompanying study reported in this issue, C. Klaver and colleagues report a genome-wide association study for refractive error in a Dutch population-based cohort 26 . Researchers from that study identified a susceptibility locus at genome-wide significant levels on chromosome 15q14. GJD2, also known as Connexin 36, is the gene nearest to the associated chromosome 15q14 locus. In our study, the chromosome 15q14 locus showed suggestive association (P = 6 × 10 −7 in the TwinsUK Cohort GWAS), but this locus was not taken forward for inclusion in our replication study (Supplementary Fig. 4) .
Both RASGRF1 and GJD2 are involved in synaptic transmission and play important roles in the transmission and processing of visual signals 23, 27 . Animal models of myopia demonstrate that the signal that continues or halts eye growth originates within the retina, and these signals are transmitted through the choroid to stimulate or inhibit scleral remodeling 28 .
We report, to our knowledge, the first genome-wide association for common myopia and refractive error in multiple European populations, identifying an associated locus upstream of the transcription site of RASGRF1. Rasgrf1 knockdown mice have larger crystalline lenses than wild-type mice, which are likely to result in increased refractive power. RASGRF1 is involved in learning, visual processing and muscarinic signaling pathways, all of which have been associated or implicated with myopia. We believe that identification of this susceptibility locus and the suggestive evidence for involvement of the candidate gene RASGRF1 will greatly improve our understanding of the pathogenesis of myopia.
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/. Effect size (regression β coefficient) 0.2 0 Figure 3 Plot of the effect on refractive error observed for rs8027411 in the seven population panels participating in the study. For each population, the diamond square shows the β linear regression coefficient or the average difference in diopters for each additional copy of the T allele and the bars represent the standard error for the estimate. TwinsUK, the Twin Cohort recruited in London, UK; RS-I, the first Rotterdam Study cohort; RS-II, the second Rotterdam Study cohort; RS-III, the third Rotterdam Study cohort; ERF, the Erasmus Rucphen Family; 1958BC the 1958 British Birth Cohort; Aus, the Australian Twin Study. l e t t e r s
